Electrophysiology has considerable potential for evaluating the responses of individual nematodes to semiochemicals. Sensory response can be quantified, electrical activity before, during and after stimulation can be compared and the occurrence of aspects such as sensory adaptation can be demonstrated. Research using the electrophysiology system to compare extracellular recordings of the responses of the cephalic region of Globodera rostochiensis and G. pallida to various compounds is discussed. The use of larger nematodes, such as the avian nematode Syngamus trachea, has enabled direct recordings to be obtained from individual sensilla, the cephalic papillae and the amphid. Electrophysiological techniques oer the opportunity to determine nematode responses in detail and to examine the function and mode of action of nematode sensilla for a more complete understanding of nematode sensory perception.
INTRODUCTION
Plant parasitic nematodes cause > US$100 billion damage to crops worldwide (13) . Several physical, cultural and chemical methods are used for nematode control, usually in combination in an integrated management strategy, but there is a great reliance on chemical control. Many of the current nematicides are environmentally undesirable and new, safer compounds are being developed by several companies.
However, it is widely recognised that there is an urgent need for additional control strategies and several possibilities are being investigated (3) . Although the life cycles of plant parasitic nematodes offer several putative target sites for novel control approaches, the microscopic size of most species makes physiological and biochemical investigations difficult. Consequently there is a paucity of background information necessary to evaluate the potential of novel control approaches. Sensory perception may be particularly sensitive to disruption during certain phases of the life cycle such as host location, movement to the feeding site and mate finding behaviour. To achieve disruption, it may be possible to use naturally occurring compounds, such as nematode sex pheromones or host root diffusates, or their analogues. Unfortunately, little is known about the physiology of nematode sense organs. The use of electrophysiological techniques on intact nematodes will increase understanding of the role and functioning of the sense organs and this approach also has potential as an accurate bioassay system. In this short review, based on an invited paper given by the senior author to the Annual Meeting of the Japanese Nematological Society (October, 1995), details of the techniques will be presented and some examples of its use and future potential will be discussed.
NEMATODE SENSE ORGANS
The detailed ultrastructure of the sense organs of many nematodes has been comprehensively reviewed (2, 4, 17, 18) . The cephalic sensilla are usually hexaradially arranged in subdorsal, subventral and lateral positions; the six inner labial sensilla are closest to the mouth with the six outer labial sensilla just behind and four cephalic sensilla at the same level or just behind these; two lateral sensilla, the amphids, complete the complement of anterior sensory receptors (18).
Until recently, the function of these sensilla was inferred from anatomical comparisons with similar sense organs of known function in other groups, especially arthropods. The amphids, situated laterally on either side of the mouth, open to the exterior via a prominent pore and are considered to be the primary chemosensory organs. They are the largest and most complex of the cephalic sensilla and their structure is conserved in a wide range of nematodes. Confirmation of the chemosensory role of the amphids has been obtained by studying the behavioural deficiencies of mutant Caenorhabditis elegans with abnormal sensilla structure 
ELECTROPHYSIOLOGICAL ASSAY
The electrophysiological assay is a modification of the system first used on intact nematodes by JONES et al (6) . enabling more effective movement restriction and more detailed analysis of the extracellular recordings (11, 12) . The test nematode is placed in a plastic well containing the appropriate physiological buffer on an inverted microscope (Olympus CK2) and is immobilised Fig.2 Extracellular recordings from an adult male Globodera rostochiensis in response to sex pheromone from virgin females of the same species. Arrow A indicates when the stimulus was introduced and arrow B indicates when the stimulus was removed by perfusion with ATW. The upper part of the figure shows actual spike events, while the histogram gives the accurate total spike frequency. From RIGA et al (12) . December, 1995 in the plastic well can be determined. Current work is also examining the relative response of males to fractions of the sex pheromone, separated using reverse phase HPLC.
Although there was a significant response by males of G. pallida to the sex pheromones from both G. pallida and G. rostochiensis females, the homospecific response, 480+ 11.9 spikes/sec, was greater than the heterospecific response, 196+7.9 spikes/sec. In the soil, where there are likely to be many chemicals eliciting responses and the weaker heterospecific recognition may be swamped, the very strong homospecific response is likely to be dominant. Thus, out-breeding is possible but in-breeding is more likely. In contrast to the response to sex pheromones, exposure of males of both G. rostochiensis and G. pallida to potato root diffusate (PRD) elicited no significant response (RIGA et al, unpublished) . A typical recording (Fig. 3) shows that when a male G. pallida was stimulated with PRD 30 s into the recording (arrow A) the frequency of spikes produced by cells of the cephalic region did not increase (80 and 51 spikes/sec before and during exposure to PRD, respectively);
replacing the PRD with ATW (arrow B, Fig. 3 ) gave a response of 68 spikes/sec. It appears that PRD plays no part in orientating males. Males exit from the roots into the soil but probably remain in close proximity to the roots, apparently needing only sex pheromones to attract them to the sessile females. (RIGA et al, unpublished) and some interesting contrasts have been identified. For example, when a male of G. pallida was exposed to L-glutamic acid the frequency of spikes increased from 17 spike/sec before stimulation to 266 spikes/sec during stimulation; the frequency decreased to 12 spikes/sec when the stimulus was replaced with ATW. In contrast, exposure to D-glutamic acid did not elicit a similar response, with values for spikes/sec before, during and after stimulation of 30, 36 and 30, respectively. In insects, the D-isomer of many amino acids usually elicts a phagostimulatory response whilst most L-amino acids are feeding deterrents (8) . Adult males of G. rostochiensis exit from the root and remain active for about 9 to 10 days during which time they mate with the females (5); the males probably have no need for food but the stylet and pharyngeal glands appear functional and it is possible that alternative food sources, such as fungi, are used. Chemoreception is essential for suitable food selection and the electrophysiological analysis of responses of various species of nematodes to specific plant compounds will provide information about feeding deterrents and stimulants which may relate to plant host suitability and the biochemical nature of the resistant response.
The use of larger nematodes, such as S. trachea, enables direct extracellular recordings from individual sense organs. Syngamus trachea is a cosmopolitam parasite feeding on blood in the (Fig. 4) . Thus, at least two amphid neurones respond to the presence of bird serum. The same pattern of response from amphids of S. trachea was found when they were exposed to 100 mM D-tryptophan in HANK'S solution but the responding cells started to show adaptation approximately 17 s after application of the solution (11) . Chemosensory neurones of C. elegans have been reported to be multifunctional with each neurone bearing more than one type of receptor (7) .
ADVANTAGES AND FUTURE WORK
The electrophysiological assays have the advantage of demonstrating that the difference in recognition of a stimulus is due to direct differences in sensory responses rather than other factors, such as differences in mobility or activity of the nematodes, which can complicate interpretation of agar plate bioassays. Differences in sensory response can be quantified, spike activity before, during and after stimulation can be compared and the occurrence of sensory adaptation can be demonstrated.
Control tests confirmed that the responses were to the stimulus and not to slight variations in temperature, osmotic pressure or oxygen content, for example, associated with exposure to a fresh solution. The electrophysiology apparatus is currently being used to compare the electrical response of nematodes to a range of chemical attractants and to determine the active fractions of semiochemicals.
The electrophysiological technique offers exciting potential to analyse fractions of nematode excretory-secretory products and subsequently it may be possible to purify sex pheromones and evaluate inter-and intraspecific responses as a basis for modifying, if necessary, theclassification of chemicals that attract nematodes. Detailed evaluation of compounds responsible for attracting nematodes to plant roots will also be possible. The technique will also enhance understanding of the mode of action of control agents; for example, treatment of Pratylenchus penetrans with aldicarb resulted in changes in the structure of the amphids and the associated dendritic processes (16) and the effects of these changes on sensory perception can now be evaluated directly. Together with laser ablation techniques (7) and immunocytochemistry (14, 15) , electrophysiology offers the opportunity of examining the function and mode of action of nematode sense organs for a more complete understanding of nematode sensory perception (10 
